Introduction {#sec1-1}
============

Conventional periodontal regenerative therapies such as bone replacement grafts and guided tissue regeneration have not been able to achieve complete and predictable periodontal regeneration.\[[@ref1]\] In spite of allowing progenitor cells to selectively migrate and differentiate as in guided tissue regeneration, the cementum formed is of the cellular type.\[[@ref2]\] The possible reason for this could be attributed to the mechanical, physical and chemical changes that take place in the cementum during the progression of periodontitis. Current research has focused on regeneration of acellular extrinsic fiber cementum through functional tissue engineering and, more importantly, the biomimetic approaches.\[[@ref3]\] According to the concepts of functional tissue engineering, the cells can sense and respond to mechanical factors and various other environmental cues of the substrate.\[[@ref4]\] In addition to this, the regeneration of lost tissue can also be achieved by biomimicking the physical and mechanical properties of the tissue, which serves as a scaffold in nature. Understanding the nanostructure of cementum may aid in designing a biomimetic scaffold that will match with the mechanical properties of the root surface. This will provide a favorable micromechanical environment for progenitor cells and for successful regeneration of acellular extrinsic fiber cementum.

The effect of the physical properties of the extracellular matrix on cell differentiation and proliferation has been well documented.\[[@ref5]\] Apart from the components of the cementum matrix, the local microenvironment of the extracellular matrix also plays a major role in periodontal regeneration.\[[@ref6]\] In addition to this, various studies\[[@ref7][@ref8]\] have reported the importance of the mechanical properties of the matrix in directing stem cell differentiation.

The cementum undergoes numerous physical,\[[@ref9]\] chemical,\[[@ref10]\] structural\[[@ref11]\] and cytotoxic alterations\[[@ref12]\] during the pathogenesis of periodontal disease. During the early stage of periodontitis, the acellular extrinsic fiber cementum gets irreversibly damaged\[[@ref6]\] as it is found in the cervical third of the root.\[[@ref2][@ref13]\] Although various studies have reported the cemental changes that take place during the progression of periodontal disease, the mechanical properties of the cementum are not completely understood.\[[@ref14]\] The mechanical properties of the cementum that are commonly analyzed are hardness, modulus of elasticity and surface roughness.\[[@ref15]\] Moreover, various studies\[[@ref16][@ref17]\] have demonstrated the significance of analyzing the substrate elasticity and its impact on hematopoietic stem cell and progenitor migration and adhesion.

It is now well understood from the available data that the mechanical integrity of a tissue is predominantly a function of its nanostructure.\[[@ref18]\] Although the mechanical properties of the cementum have been estimated on macro- and microscales, the nanostructure of the cementum has not yet been characterized in chronic periodontitis in detail.

The aim of this study is to assess and compare the nanomechanical properties of acellular extrinsic fiber cementum at the cervical third of the root in health and in chronic periodontitis.

MATERIALS AND METHODS {#sec1-2}
=====================

Sample collection {#sec2-1}
-----------------

The study protocol was approved by the Institutional Ethics Committee, Sri Ramachandra University, Chennai. A total of 20 teeth were collected from 12 subjects reporting to the outpatient department, Department of Periodontics. The healthy teeth (*n* = 10) were collected from six individuals with age ranging from 30 to 40 years for whom orthodontic extractions were indicated. The criteria for selecting healthy teeth samples included absence of dental caries, absence of bleeding on probing and probing depth/attachment loss and no radiographic evidence of bone loss. Periodontally diseased teeth samples (*n* = 10) were collected from six patients with age ranging from 30 to 40 years diagnosed with generalized severe chronic periodontitis.\[[@ref19]\]

Tooth type distribution in the healthy teeth group and diseased teeth group are presented in [Table 1](#T1){ref-type="table"}. Periodontally compromised teeth were selected if the probing depth and attachment loss was more than 5 mm with radiographic evidence of bone loss up to the apical third.

###### 

Distribution of tooth types between the healthy and the diseased group

![](JISP-18-560-g001)

The exclusion criteria were as follows: Presence of gingival recession around the selected teeth, cigarette/tobacco smoking habit, patients who have undergone periodontal treatment in the last 5 years, patients who have taken any antibiotics for the past 3 months, presence of any systemic disease, root caries, fractured teeth and non-vital teeth and pregnant or lactating women.

Scanning electron microscopy of the cervical third of the cementum {#sec2-2}
------------------------------------------------------------------

Before nanoindentation, the topography of the sputter-coated outer surface of two healthy and two diseased transverse sections of 3-5-mm-thick cervical third cementum sections \[Figures [1a](#F1){ref-type="fig"}, [b](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}\] were characterized using FEI quanta FEG 200 -- high-resolution scanning electron microscopy (SEM) at various magnifications ranging from ×6500 to ×400. These samples were not used further for characterizing nanomechanical properties as they were sputter coated with gold. The sections were placed on appropriate stubs by fixing them using a double-sided adhesive. The stubs with the sections on top were placed inside the apparatus that was later maintained at a low vacuum of 0.97 Torr throughout the analysis. The specimen sections were examined using an electron energy of 20 keV to obtain the micrographs.\[[@ref15]\] Images were recorded using a digital image acquisition software.

Sample preparation for nanoindentation {#sec2-3}
--------------------------------------

The depth-sensing nanoindentation technique requires the sample\'s surface to be flat and even. Because the outer surface of the root is convex, the transverse sections of cementum were characterized for the nanomechanical properties. The sample preparation was performed according to the protocol described by Malek *et al*.\[[@ref20]\] Briefly, the freshly extracted teeth were cleaned and disinfected and the periodontal ligament fragments were removed by using Milton\'s solution (1% sodium hypochlorite) for 10 min. The crown of the teeth was transversely sectioned at the level of the cement-enamel junction \[Figures [1a](#F1){ref-type="fig"}, [b](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}\]. The cervical third of the root was sectioned transversely to obtain 5-mm-thick sections \[[Figure 1a](#F1){ref-type="fig"}\] using a diamond wafering blade on a low-speed cutter under wet conditions. The cervical third sections were stored in deionized water at an ambient temperature of 23 ± 2°C in a polyethylene container until further analysis. The transverse sections of the cervical third of root \[Figures [1b](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}\] were embedded in epoxy resin and the resin blocks were trimmed and polished using a basic metallography polishing technique.

![(a) (Color online) Transverse section of the cervical third cementum after decoronation and (b) Transverse section of the cervical third cementum before embedding in resin](JISP-18-560-g002){#F1}

![Schematic of the sectioning of the cervical third of the root and the cementum surface characterized using nanoindentation and scanning electron microscopy](JISP-18-560-g003){#F2}

The specimens were polished sequentially using SiC grit papers (200-1000 sizes), then fine polishing using diamond suspension slurries (9 μm, 6 μm, 3 μm and 1 μm) on a polishing cloth. The final polishing process was carried out with colloidal silica suspension (OPS) 0.25 μm for 2 min at a speed of 200 rpm. The specimens were ultrasonificated in deionized water for 10 min between each level of polishing before proceeding to the next level of polishing to remove any abrasives and they were air dried for 3 s prior to mounting the specimens in the nanoindentation specimen holder.

Nanoindentation of the tooth specimens {#sec2-4}
--------------------------------------

The local elastic and plastic properties of the cementum were investigated by performing nanoindentation experiments with a three-sided Berkovich-type diamond indenter. These tests were conducted under dry conditions with a CSM nanoindenter (Peseux, Switzerland) \[[Figure 3](#F3){ref-type="fig"}\]; during indentation, a load-displacement curve was recorded, from which the contact area, hardness and elastic modulus were calculated using the Oliver and Pharr method.\[[@ref21]\] The depth calibration to identify the surface to indent was carried out before the nanoindentation process. The determination of elastic modulus from the elastic recovery of the material by measuring the contact stiffness S (=dP/dh) has been achieved by the controlled unloading after indentation. The hardness *H* and the Young\'s modulus *E* were calculated from the following fundamental relations:

![](JISP-18-560-g004.jpg)

![CSM nanoindenter apparatus](JISP-18-560-g005){#F3}

where P is the load and A is the projected contact area at that load, and

![](JISP-18-560-g006.jpg)

where *E*~r~ is the reduced elastic modulus and β is a constant that depends on the geometry of the indenter.

A reduced modulus *E*~r~ is used in equation (2) to account for the fact that elastic displacements occur in both the indenter and the sample. The elastic modulus of the test material, E, is calculated from *E*~r~ using

![](JISP-18-560-g007.jpg)

Where n is the Poisson\'s ratio for the test material and *E*~i~ and *v*~r~ are the elastic modulus and Poisson\'s ratio, respectively, of the indenter. For diamond, the elastic constant *E*~i~ = 1141 GPa and Poisson\'s ratio *v*~r~ = 0.07 are often used.\[[@ref21]\]

The test zone, maximum force, number of indentations and distance between indentations were programmed into the computer. The testing environment temperature was maintained at 23 ± 1°C.

Indent locations were selected using an optical microscope with a magnification of ×1000. Ten nanoindentations were performed per sample, adding up to 100 nanoindentations in each group. Their locations were selected midway between the cement-dentinal junction and the peripheral cementum to avoid the resin, residual calculus and the cement-dentinal junction \[[Figure 2](#F2){ref-type="fig"}\]. The optical microscopic image \[[Figure 4](#F4){ref-type="fig"}\] shows a typical indentation on the cementum (Black arrow), with some striations on the dentin. The parameters set during nanoindentation are presented in [Table 2](#T2){ref-type="table"}.

![Optical microscope image of the transverse sections of the cervical third cementum Open arrow - Dentin, White arrow - Resin, Black arrow showing the impression of the indent in the middle portion of the cervical *cementum*](JISP-18-560-g008){#F4}

###### 

Load/unload cycle parameters used during nanoindentation
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Statistical analysis {#sec2-5}
--------------------

All the statistical analysis was performed using SPSS Statistical Software (version 17.0). The mean and standard deviation of the test parameters was estimated for the test and healthy control samples. The intergroup comparison was carried out using a non-parametric test (Mann-Whitney test), and the difference was considered to be statistically significant if the *P* value was less than 0.05.

RESULTS {#sec1-3}
=======

Scanning electron microscopy of the cervical third cementum {#sec2-6}
-----------------------------------------------------------

The SEM micrographs of the morphology of the healthy outer surface of the cervical third cementum sections are shown in [Figure 5](#F5){ref-type="fig"} and those of the diseased sections are shown in [Figure 6](#F6){ref-type="fig"}. SEM characterization revealed the presence of mineralized collagen fibers in the healthy cementum, which were more predominant when compared with the diseased cementum. The SEM micrographs of the diseased cementum showed areas of foreign bodies that could be deposits of calculus.

![Scanning electron microscopy micrograph of the outer surface of the healthy cervical third cementum (at ×6011 magnification)](JISP-18-560-g010){#F5}

![Scanning electron microscopy micrograph of the outer surface of the diseased cervical third cementum section (at ×6011 magnification)](JISP-18-560-g011){#F6}

Assessment of the physical property of the cervical third of cementum {#sec2-7}
---------------------------------------------------------------------

Typical indentation profiles of the healthy and diseased cementum cervical sections are shown in [Figure 7](#F7){ref-type="fig"}. These profiles clearly show a penetration depth difference between the healthy and diseased for the same indentation load. This indicates that the healthy sample has higher resistance to plastic deformation.

![(Color online) Typical nanoindentation profiles of healthy and diseased cervical third cementum](JISP-18-560-g012){#F7}

### Hardness {#sec3-1}

The results showed that the hardness values varied between 0.546 and 1.124 GPa for the healthy cementum sections and, for the diseased cementum sections, the values ranged from 0.273 to 0.726 GPa. The mean hardness of the diseased cementum was significantly lower compared with the healthy cementum (*P* \< 0.05) \[[Table 3](#T3){ref-type="table"}\]. The mean hardness values for the cementum of the healthy samples and the diseased cementum sample are shown in [Figure 8](#F8){ref-type="fig"}.

###### 

Nanomechanical properties of the healthy and the diseased cementum
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![Comparison of hardness values of healthy and diseased cervical third cementum (*n* = 10)](JISP-18-560-g014){#F8}

### Modulus of elasticity {#sec3-2}

The modulus of elasticity of the healthy cementum was observed to be between 12.981 and 21.912 GPa and that of the diseased cementum varied between 6.781 and 13.443 GPa \[[Figure 5](#F5){ref-type="fig"}\]. The difference between the mean modulus of elasticity of the healthy and diseased cementum \[[Table 3](#T3){ref-type="table"}\] was statistically significant (*P* \< 0.05). The mean modulus of elasticity values for the cementum of the healthy samples and the diseased cementum samples are shown in [Figure 9](#F9){ref-type="fig"}.

![Comparison of modulus of elasticity values of healthy and diseased cervical third cementum (*n* = 10)](JISP-18-560-g015){#F9}

DISCUSSION {#sec1-4}
==========

The presence of a healthy cementum is pivotal for periodontal regeneration.\[[@ref22]\] Even though regeneration of alveolar bone can be accomplished by the presently available therapeutic modalities, the regeneration of the acellular extrinsic fiber cementum still remains elusive.\[[@ref23]\] Functional tissue engineering strategies using scaffolds, cells and growth factors may offer more predictable avenues for periodontal regeneration. An important principle in functional tissue engineering is the determination of the biomechanical properties of the native tissue in health and in diseased conditions.\[[@ref24]\] In the case of periodontal tissue engineering, this information can be obtained by analyzing the mechanical properties of both the healthy and the diseased root surface. This study was undertaken to investigate the effect of chronic periodontitis on the nanomechanical properties of the cervical third of the cementum within a periodontal pocket environment.

In order to evaluate the changes in the morphology of the diseased cementum, SEM was performed prior to nanoindentation. The topography of the outer surface of the healthy and diseased transverse sections of the cervical third of the cementum was characterized using high-resolution SEM. SEM revealed morphological changes in the outer surface of the diseased cementum such as the absence of mineralized cemental collagen fibers that were a predominant feature in the healthy cementum sections. However, these samples were not characterized for nanoindentation as the sputtering may itself influence the nanomechanical properties. Hence, it was not possible to correlate the finding of SEM micrographs with nanoindentation measurements as both these analyses were performed on two different cementum surfaces.

Previous studies have estimated hardness and modulus of elasticity of healthy cementum.\[[@ref25]\] To the best our knowledge, this is the first study comparing the hardness and modulus of elasticity between healthy and diseased transverse sections of the cervical third cementum using depth-sensing nanoindentation techniques. The results of our study revealed a statistically significant difference in the hardness of the diseased cementum as compared with the healthy cementum (*P* \< 0.05). This decrease in hardness of the diseased cementum could be due to the softening of the cementum induced by demineralization by organic acids of inflammatory exudates and resorption of collagen and protein polysaccharide matrix via enzyme activities within the confines of the periodontal pocket.\[[@ref25]\] In order to avoid the hypermineralized layer\[[@ref10]\] of cementum that forms when the root surface becomes exposed to the oral cavity due to gingival recession, periodontally compromised teeth with absence of gingival recession were selected.

Another important factor that must be taken into account is the total duration each of these diseased cementum sections had been exposed to the periodontal pocket environment since the onset of the periodontitis. As it was difficult to obtain this information, it could be considered as a limitation of this study.

There was a statistically significant (*P* \< 0.05) difference in the modulus of elasticity of the diseased cervical third cementum as compared with the healthy cementum. There was a decrease in the modulus of elasticity of the diseased cementum sections. This could be due to the organic acids and enzymes of inflammatory exudates within the periodontal pocket that result in dissolution of mineral contents and proteolytic breakdown of collagen fibers.\[[@ref25][@ref26]\]

The results of our study are in agreement with various other studies\[[@ref3][@ref14][@ref27]\] that have characterized similar cemental sections from healthy teeth under similar conditions. In the study by Gungormus *et al*.,\[[@ref3]\] a cementum-like biomineralized microlayer was constructed using amelogenin-derived peptides and the authors compared the mechanical properties, namely modulus of elasticity and hardness using nanoindentation, with that of the native cementum. The hardness and modulus of elasticity values for the native healthy cementum obtained in their study are in accordance to the values observed in our study.

Nanoindentation has been used in dentistry to evaluate the mechanical properties of the dental hard tissues for the past two decades.\[[@ref18]\] It has been used in the field of endodontics to determine the nanomechanical properties of endodontically treated teeth and carious human teeth,\[[@ref28][@ref29]\] in implantology to study the elasticity of the alveolar bone near the dental implant\[[@ref30]\] and in orthodontics.\[[@ref31]\] In the field of periodontics, nanoindentation has been used to determine the nanomechanical properties of the cement-dentinal junction,\[[@ref14][@ref15]\] cementum in Ank/Ank mutant mouse\[[@ref32]\] bone-periodontal ligament and cementum complex.\[[@ref33]\]

This technique was utilized in our study as it is more accurate when compared with other conventional mechanical tests.\[[@ref34]\] In addition, it allows the measurement of the mechanical properties of a very small selected region of the cementum.\[[@ref18]\]

Although there are few reports in the literature that have assessed the hardness of the cementum, most of these studies have used micromechanical testing techniques.\[[@ref35][@ref36]\] Evaluation of mechanical properties using microindentation found no statistically significant difference between microhardness of the cementum in teeth with and without periodontal involvement.\[[@ref35]\] Also, healthy human dental cementum of premolar teeth analyzed using microindentation showed no significant differences in the hardness and elastic modulus of the cementum between the buccal and the lingual surfaces or between the upper and the lower teeth.\[[@ref36]\]

The importance of cervical third of the cementum is that it contains acellular extrinsic fiber cementum\[[@ref37]\] and its regeneration is considered to be the gold standard for periodontal regeneration.\[[@ref6]\] Because predictable regeneration of new acellular extrinsic fiber cementum on a diseased root surface is yet to be achieved, current research on periodontal regeneration has focused on inducing the formation of an acellular extrinsic fiber cementum.\[[@ref23]\] However, the cementum formed after treatment with guided tissue regeneration,\[[@ref38]\] bone grafts\[[@ref39]\] and a derivative of enamel matrix proteins\[[@ref40]\] is of the cellular type. The local environmental factors, especially the substrate stiffness, plays a crucial role in recruitment and function of cementum-forming cells.\[[@ref41]\] The mechanical signals, for example stiffness of the substrate, can have a significant influence on the adhesion, migration, proliferation and differentiation of numerous cell types such as fibroblasts and osteoblasts.\[[@ref42][@ref43]\] It is now well documented that the elastic properties of the substrate plays a role in the differentiation of adult and embryonic stem cells.\[[@ref44][@ref45][@ref46]\] This can be extrapolated to the cementum, wherein an alteration of the nanomechanical properties during the progression of periodontal disease process may impede complete periodontal regeneration.

The prime objective of this study was to determine the changes in the nanomechanical properties of the cervical third of the cementum in chronic periodontitis based on the values obtained from a total of 200 nanoindentations. Because only 10 healthy cementum sections and 10 diseased cementum sections were taken for nanoindentation, a tooth-type statistical comparison was not possible. However, further studies can focus on comparing the nanomechanical properties based on tooth type/upper arch and lower arch.

The values obtained in the present study for the diseased cervical third cementum are found to be lesser than the healthy cementum sections, indicating a change in the nanostructure and mechanical integrity. This may have an effect on the recruitment on progenitor cells and formation of new attachment. Thus, the understanding of the nanomechanical properties of the cervical third cementum may not only aid in determining the influence of mechanical signals of cementum in health and in chronic periodontitis on progenitor cells but also help in devising various nanomechanical design parameters required for engineering acellular extrinsic fiber cementum.

CONCLUSION {#sec1-5}
==========

In conclusion, there is a decrease in the nanomechanical properties of the diseased cervical third cementum. Further analysis of the diseased root surface in wet conditions may help in understanding the nanostructural changes occurring in the cervical third of the root during periodontitis.
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